Abstract -In this paper, we consider iterative frequencydomain receivers for block transmission techniques with rate-1 Space Time Block Coding (STBC) for two or four transmit antennas. We consider both Orthogonal Frequency Division Multiplexing (OFDM) and SingleCarrier (SC) schemes. Since our STBC with 4 transmit antennas is not orthogonal, our receiver includes the cancellation of the residual interference, allowing performances close to the ones of an orthogonal code. Our performance results show that combining STBC with block transmission schemes allows excellent performances, even for channels with small multipath diversity.
I. INTRODUCTION
Block transmission techniques, with appropriate cyclic prefixes and employing FDE techniques (FrequencyDomain Equalization), have been shown to be suitable for high data rate transmission over severely time-dispersive channels [1] , [2] . OFDM (Orthogonal Frequency Division Multiplexing) is the most popular modulation based on this technique. Single Carrier modulation using FDE is an alternative approach based on this principle. As with OFDM, the data blocks are preceded by a cyclic prefix, long enough to cope with the overall channel length. Due to the lower envelope fluctuations of the transmitted signals (and, implicitly a lower PMEPR (Peak-to-Mean Envelope Power Ratio)), Single Carrier -Frequency Domain Equalization (SC-FDE) schemes are especially interesting for the uplink transmission (i.e., the transmission from the mobile terminal to the base station) [1] , [2] . A promising Iterative Block -Decision Feedback Equalization technique (IB-DFE) for SC-FDE was proposed in [3] and extended to other scenarios in [4] and [5] . These IB-DFE receivers can be regarded as iterative DFE receivers where the feedforward and the feedback operations are implemented in the frequency domain offering much better performance than non-iterative methods [3] , [4] , [5] . Transmit diversity (TD) techniques are particularly interesting for fading channels where it is difficult to have multiple receive antennas (as in conventional receiver diversity schemes). A possible scenario is the downlink transmission where the base station uses several transmit antennas and the mobile terminal has a single one [6] , [7] . In this paper, we consider transmit diversity schemes for both OFDM and SC-FDE schemes, specifically the STBC with two [6] , [7] and four antennas [8] , [9] . For OFDM schemes we consider conventional receiver and for SC-FDE schemes we consider IB-DFE receivers. For non-orthogonal codes (i.e., with more than two transmit antennas), we also consider iterative receivers with cancellation of the residual interference (for SC schemes with IB-DFE receivers, this means a negligible increase on the receiver complexity). This paper is organized as follows. The system considered in this paper is introduced in sec. II and sec. III describes the proposed iterative receiver structure for SC-FDE systems with transmit diversity. A set of performance results is presented in sec. IV and sec. V contains the conclusions of this paper.
II. SYSTEM CHARACTERIZATION

A. Space Time Block Coding for two antennas
We consider block transmission schemes and the lth transmitted block has the form 
Considering the matrix-vector representation, this is equivalent to
Assuming that the cyclic prefix is longer than the overall channel impulse response of each channel, the lth frequency-domain block after the FDE block (i.e., the DFT of the lth received time-domain block, after removing the cyclic prefix) is
where
denotes the channel frequency response for the kth subcarrier and the mth transmit antenna (the channel is assumed invariant in the frame) and , k l N is the frequencydomain block channel noise for that subcarrier and the lth block. Assuming, for now, the conventional linear FDE for SC schemes, the Alamouti's post-processing for two antennas (denoted in this paper STBC2) comes,
and with
The Alamouti's post-processing for OFDM signals is the same as defined in (5) but without multiplying by the
B. Space Time Block Coding for four antennas
Using unspecified complex valued modulation, such an improvement is possible only for the two antenna scheme. Higher schemes with 4 and 8 antennas with code rate one exists only in the case of binary transmission [10] . The proposed STBC4 scheme has 4 M = transmit antennas, presenting a code rate one. The symbol construction can be generally written as [8] , [9] 
The lth frequency-domain block after the FDE block (i.e., the DFT of the lth received time-domain block, after removing the cyclic prefix) is
Assuming, for now, the conventional SC-FDE decoding (i.e., no IB-DFE receiver), the post-processing STBC for four antennas (M=4) comes, 
, where α is defined as above (j=1,2,3,4), and where
which stands for the residual interference coefficient generated in the STBC decoding process. In the following we will show how we can remove this residual interference. 
III. RECEIVER DESIGN
Cancellation of r sidual interference IB DFE feedback A − (with p=3-j) to allow the cancellation of the residual interference generated in the STBC4 decoding process. In case of a SISO system, (10) takes the form
, there is a single branch (there is no STBC4 decoding) and there is no cancellation of the residual interference. In case of STBC2 (two transmit antennas), there is no residual interference component. To further improve performance with STBC4 the residual interference to be subtracted (which is a function of the estimate of the symbol that generates interference), we consider an Iterative Interference Cancellation (IIC) that can be implemented as follows:
i.
Compute
i q k l j A − using (10) without cancelling the residual interference.
ii.
Based on It can be shown that the optimum feedback coefficients are [3] , [4] ( ) ( )( ) ( )
and the feedforward coefficients given by 
It can be shown that, for the QPSK modulation, the correlation coefficient is given by [11] ( ) ( ) ( ) ( ) 
The LLRs (Log Likelihood Ratios) of the "in-phase bit" and the "quadrature bit", associated to 
(as with The conditional average values associated with the data symbols are given by
Therefore, the several symbols of order jth (j=0,1,2,3) that comprise the STBC4 block need to be decoded independently by the IB-DFE receiver, with the exception of the symbol estimates that originate the residual interference generated in the STBC4 decoding process, as shown in (10) .
The IB-DFE with soft decisions described above does not need to perform the channel decoding in the feedback loop.
As an alternative, we can define a Turbo FDE that employs the channel decoder outputs, instead of the uncoded "soft decisions" in the feedback loop of the IB-DFE. The main difference between IB-DFE with soft decisions and the Turbo FDE is in the decision device: in the first case the decision device is a symbol-by-symbol soft-decision (for QPSK constellation this corresponds to the hyperbolic tangent, as in (19)); for the Turbo FDE a Soft-In, Soft-Out channel decoder is employed in the feedback loop. The SoftIn, Soft-Out block, that can be implemented as defined in [12] , provides the LLRs of both the "information bits" and the "coded bits". The input of the Soft-In, Soft-Out block are LLRs of the "coded bits" at the FDE output, given by (17) and (18). The receiver for OFDM schemes with STBC2 is straightforward [3] . For OFDM schemes with STBC4, (10) also applies with the difference that there is no feedback component, and the feedforward component only have the numerator of (12) . It is worth noting that these STBC schemes can easily be extended to multiple receive antennas.
IV. PERFORMANCE RESULTS
In this section we present a set of performance results concerning the proposed receivers, for both SC-FDE and OFDM schemes with two and four-antenna STBC schemes. N is the one-sided power spectral density of the noise and b E is the energy of the transmitted bits (i.e., the degradation due to the useless power spent on the cyclic prefix is not included). Each block has N = 256 symbols selected from a QPSK constellation under a Gray mapping rule (similar results were observed for other values of N, provided that N >> 1). The pulse shaping filter is raised cosine with roll-off 0.1. Our channel has two equal power paths uncorrelated Rayleigh fading and relative delays [0 250] ns (relative to the first multipath). The channel is assumed to be invariant during the block. The duration of the useful part of the blocks (N symbols) is 1μs and the cyclic prefix has duration 0.125μs. For SC-FDE systems we considered the IB-DFE receiver with soft decisions and the Turbo FDE with five iterations. Beyond this number the performance improvement was almost negligible. Linear power amplification is considered at the transmitter and perfect synchronization is assumed at the receiver. The channel encoder is a convolutional code with generators 1 D D D D + + + + , and the coded bits associated to a given block are interleaved and mapped into the constellation points. Figure 1 considers uncoded results for the SC-FDE and a linear FDE receiver (i.e., just the first iteration of the IB-DFE receiver) or the IB-DFE receiver with soft decisions (i.e., without channel decoding in the feedback loop). Clearly, the increased diversity due to STBC schemes leads to significant performance improvements relatively to the SISO case. From this figure, it is also clear that the IB-DFE performs always better than the linear FDE receiver. It can also be observed that the STBC4 with the linear FDE receiver performs very badly, due to the residual interference (generated in the STBC4 decoding process). However, when we add the IB-DFE with soft decisions to the STBC4, we have a significant performance improvement, namely due to the ability to mitigate the residual interference. Nevertheless, the STBC4 with an IB-DFE receiver with soft decisions is not able to outperform the STBC2. E N above 8 dB, due to the residual interference. However, for the the Turbo FDE, the STBC4 outperforms the STBC2 (and the SISO, as expected). This is a consequence of the efficient residual interference cancellation inherent to our receiver. Therefore, although using a higher number of antennas leads to an increase in the system complexity, its advantage is clear, especially for 0 / b E N values higher than 5 dB. Figure 3 shows a performance comparison between SC-FDE and OFDM when channel coding is considered (it is wellknow that uncoded performances are very poor for OFDM schemes). Note that the OFDM receiver for the STBC4 also includes a residual interference canceller, similar to the one included and described in the IB-DFE that was considered for the SC-FDE STBC4. Clearly, there is a visible advantage of SC-FDE with the Turbo FDE over the OFDM system for all schemes. 
V. CONCLUSIONS
In this paper we considered iterative frequency-domain receivers for block transmission techniques with rate-1 STBC for two or four transmit antennas. We considered both OFDM and SC-FDM schemes. Since our STBC with 4 transmit antennas is not orthogonal, our receiver includes the cancellation of the residual interference. Our Turbo FDE for SC-FDE signals allows better performance (both in terms of BER and BLER) than with coded OFDM signals for the STBC schemes considered, with best overall performance for STBC4 schemes.
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